This paper proposes a new method of proton acceleration. A slow plasma wave produced by backward Raman scattering captures slow protons injected. A density gradient of a plasma enables the wave phase velocity to increase as the proton test beams are accelerated. Preliminary results of PlC simulations of the backward scattering are presented in constant and tapered-density plasmas. A proof-of-principle experiment is proposed using a T3 laser and test beams from a Van de Graaf accelerator, in which a 500mJ laser will give acceleration gain of 50MeV in a distance of 500pm.
INTRODUCTION Numerous experiments have demonstrated proof of principle of high-gradient laser-or electron-beam-driven plasma accelerators in recent
The test particles are limited to electrons in these experiments. Plasma-based electron accelerators are, however, still too premature to be used as a linear collider, and it is hard for them to find applications in other fields. This is because the technology of rf-based electron accelerators with energies below 100MeV is well established and their size is small enough. Certainly the acceleration distance of plasma-based accelerators is shorter than that of rf-based ones by two or three orders of magnitude or more, but if we take into account the size of drivers, i.e., lasers or particle accelerators of the plasma wakefield accelerators, the size reduction is not at all impressive. On the other hand, existing proton and ion accelerators with energies in the 100MeV-1GeV range are quite large. They could be applied more widely than the electron beams, if their sizes were reduced, for medical use in cancer therapy, and for studies of physics, chemistry and biology.
Study of acceleration of protons and ions has longer history than that of electron acceleration. The "electron ring accelerator" had been studied extensively until early 1970's in USSR, USA, Germany and Japan, in which a small amount of ions in an electron ring should have been forced to acquire the speed of the electrons. However, the studies have terminated without remarkable success.2 Recently, similar ideas have been rekindled by Russian scientists.3 Some other ideas of plasma-based ion accelerators are found in references.46 This paper proposes a proton acceleration using plasma waves,7 based on the same principle which has successfully accelerated electrons with a large acceleration gradient. It uses the electric field of a plasma wave excited by a laser. The laser is scattered into either forward or backward directions in a plasma. The forward scattering excites a plasma wave whose phase velocity is almost equal to the group velocity of the pump laser. This fast plasma wave has been used in electron acceleration. This method is called self-modulated laser wakefield acceleration, because the laser pulse is modulated at the plasma frequency by the forward instability. To the contrary, the backward scattering excites a slow plasma wave, and it is this slow wave that we are going to use for proton acceleration.
Relativistic electrons have light velocity, so they can be synchronous with the relativistic plasma wave whatever energy they have. Protons below 1GeV, however, increase their velocity as they are accelerated. The technical difficulty of the proton acceleration using a plasma wave is to give it increasing phase velocity synchronous with the accelerated proton velocity. In this proposal, the synchronization is enabled by the density distribution of the plasma.
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In High-Power Lasers in Energy Engineering, Kunioki Mima, Gerald L. Kulcinski, William Hogan, This paper consists of six sections. Following this introductory section, the second section describes the phase velocity of the plasma wave that can trap the protons. The third section briefly describes backward Raman scattering. The fourth section introduces preliminary results of PlC simahtions of the backward scattering. The fifth section proposes a proof-of-principle experiment and presents results of optimistic calculations to predict experimental results. The last section gives discussion and conclusions.
TRAPPING OF PROTONS IN A PLASMA WAVE
A pair of equations describes the motion of protons in a plasma wave:
where E is the field of the plasma wave, m is the proton mass, $ and y are those of the protons and f3 is thatof the plasma wave. They mean that the wave phase velocity 3, should be equal to the particle velocity 3, otherwise the energy gain cannot be constant.
However, the protons can remain to be trapped by the wave even if the condition j3, =3 is not strictly satisfied, as far as sin < 0 in eq. (1). This condition of trapping is equivalent to that the kinetic energy of protons is smaller than the wave potential 48 We use prime symbols to denote variables in the wave frame. The condition then
so the boundary energy of the protons that can be trapped is y'mpc = e'' + mc2 . In the laboratory frame we have two boundary energies,
Using eE = ek4' = ek,4' and eE = (ni/no)mewpvp, we have (4) o m where n1 is the electron density in the wave and n0 is the background electron density. Inserting this into eq. (3) , we have the relation between 'y and , in the laboratory frame,
which is depicted in Fig.1 .
This figure gives the energy range of protons which are trapped by a plasma wave at specific This width is at = 1.1 and n1/no = 1, and decreases as 'yr, and n1/no decrease. We have to tune the phase velocity of the plasma wave within this range in order to perform the successful acceleration.
BACKWARD RAMAN SCATTERING
In the forward Raman scattering, both the plasma wave (denoted by suffix 'p' hereafter) and the scattered radiation with suffix 'F' propagates in the same direction as the pump radiation (denoted by suffix 'L'). In the backward scattering, the scattered radiation with suffix 'B' propagates in the opposite direction, though the plasma wave has the same direction as the pump radiation. The dispersion relations of the electromagnetic waves in a cold plasma are given by (6) where x = L, F or B. The conditions for resonance are = kL = k+k,
= k-k8, The electric field associated with a fast plasma wave is approximately eE = (ni/no)mewpc. This cannot be applied to our case of a slow plasma wave. We have instead eE = ( 
12) no
The Manley-Rowe relation gives the maximum-possible ni/no value as a function of the electron quiver velocity Vq in the laser field10:
where 'y is the specific heat ratio. In one-dimensional model we have 'y =3. 
Plc SIMULATIONS
We are going to simulate the plasma wave generation arid propagation by using the 2-D PlC code WAVE. Figure  3 gives some preliminary results. An initial plasma was assumed cold, though heating by a laser was taken into account. The box length was 100k), and the number of electrons was 200 x 800.
The laser-driven instability has to remain in a linear regime. Once its amplitude gets the value of eq.(13), the wave will become nonlinear and be broken. The first question is whether such a condition is achievable that keeps the instability linear. The k spectrum of the longitudinal electric field peaks at kB given in eq. (8) . The amplitude at kB relative to that at kL in the laser field spectrum shows the strength of the plasma wave generated by the backward scattering. Figure 3(a) gives time evolution of the amplitude ratios at fixed plasma density, WL/Wp =5, and various a values. The laser amplitude was specified to grow linearly from t = 0 to t = 25O/w and was then kept constant at values given in the figure. The growth of the backscattering instability is slow at a = 0.025, while at a = 0.1 the growth gets maximum before the laser power reaches its plateau. The spectrum gets noisy at the plateau, showing the generation of nonlinear waves. Though a = 0.05 seems optimal, it is necessary to run the code for longer time to make a conclusion.
Equation (10) gives 1/-y values as 715/wy, l78/w, 44.7/wy for a = 0.025, 0.05, 0.1 , respectively. They agree fairly well with our simulations. The amplitude E of the electricfield at a = 0.05, WL/Wp = 5 in a homogeneous plasma reaches eE/(mewpc) '' 0.04, which gives n1/n=O.35.
In this proposal, we use a plasma with tapered density. In such an inhomogeneous plasma, the resonant condition can hold only locally. It is claimed that the propagation of the plasma wave out of this resonant region then provides an additional threshold," a2kLL > 1, (2w < WL),
where L = [(1/n)(dn/ds)]' is a length characterizing the density gradient, with .s, the distance along the density gradient. Figure 3(b) shows the peak ratio of the two k spectra under the existence of plasma density gradient. The plasma length was again 1OOk, where k is the value at the maximum plasma density. The density was increased from 0.6 to 1 of the maximum value under the condition a2kLL = 1, and it was increased from 0.8 to I of the maximum value under the condition a2kLL = 2. In this simulation, the steeper gradient gave larger growth rate of the plasma wave. The original spectra of the a2kLL = 1 case are shown in Fig. 4 . Careful observation can find the gradual leftbou.nd shift of the peak in the k spectra of the plasma wave. After t = 32O/w, the k spectra of the plasma wave however get noisy, and those of the laser come to have a second peak at O.TkL. The k spectra of the a2kLL =2 case is more smooth than those in Fig. 4 .
PROOF..OF-.PRINCIPLE EXPERiMENT
We have carried out a simple calculation, with a proof-of-principle experiment in mind. We assume to use 2.5MeV
proton beams (3 = 0.078, y = 1.00267) from a Van de Graaf of Hiroshima University, and a Ti:sapphire laser with AL =800nm. We set the final energy as 50MeV (3 = 0.314, 'y = 1.0533). We assume n1/no = 1/2 to have the acceleration gradient as eE(s) = mecflp(s)wp(s)/2. A more realistic ni/no value should be determined by PlC simulations.
The calculation is based on eq.(i): The second equation is used to derive the j3 which makes d4/dt = 0 for given /3 by the first equation. The plasma density to give this /3, is the solution of eq.(9). Figure 5 shows results of the calculation. Figure 5 (a) and (b) show that the energy gain of s5OMeV is attained in the acceleration time of .%, l2ps and acceleration distance of '-0.5mm. Figure 5 (c) shows that the plasma density has to be tapered from ., 2.5 x 1O'9cm3 to 3 x 1020cm3. The density-gradient length L = {(1/n)(dn/ds)J was larger than 15Om and the condition of eq. (14) was satisfied.
The a value required by eq. (14) is 0.03, or laser intensity I = 3.90 x lOiSW • cm2. If we assume the waist size as 15tm, the laser power becomes 27.5GW. The laser pulse width of l5ps requires the laser energy of 413mJ. This laser intensity makes the tunneling ionization possible. Equation (12) tells that the ni/no value slightly exceeds unity in this laser intensity, though it does not take the spatial inhomogeneity into account.
DISCUSSION
There of course exist some problems to be solved in this method. First of all further simulation studies are necessary, which seek the condition to excite a stable wave enabling acceleration by a reproducible electric field. One solution to control this Raman instability is the use of the second laser which acts as a seed for the instability.12 This seed laser should be frequency-shifted by Wp from the pump laser and injected from the counter direction of the pump. In other words, the seed laser should have the same frequency and direction of the backscattered radiation. Because the wp has to be increased as the proton beam is accelerated, the seed laser has to be chirped in quite a wide frequency range; from O.99WL at the proton injection to ' O.5WL at the exit where the protons get final energy. Light ranging from JR to UV in the flat continuum has been generated by a self-trapped femtosecond Ti:sapphire laser pulse in atomospheric-pressure rare gases.
Another technical problem is the creation of the plasma density gradient. A gas flow flux from an orifice limited by a skimmer has the radial distribution similar to that in Fig. 5(c) .'3 Further studies are necessary to apply this method to our experiment. Even if each technique were independently established, there would remain the problem of synchronization among the acceleration gradient, the plasma-density gradient and the laser-frequency chirping. Some good diagnostics and feedback control are essential to perform the experiment.
In conclusion, a method is proposed to accelerate protons by a slow plasma wave produced in the backward Raman scattering. It adjusts the plasma density to match the phase velocity of the plasma wave to the velocity of the protons accelerated. Preliminary results of PlC simulations of the backward scattering were presented. Energy of a commercially-available laser is large enough to excite such a plasma wave. Physical and technical problems are remain to be studied, which include Rarnan instability studies and realization of a tapered plasma.
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